Introduction {#Sec1}
============

Animal experiments are an invaluable tool for biomedical research, because they allow evaluation of hypotheses by randomization of nearly identical subjects, they can usually be conducted much faster than corresponding human studies (if those are at all ethically feasible), and biological mechanisms in animals are often, however not always, similar to those in humans. Nevertheless, animal studies require careful design and state-of-the-art statistical analysis to ensure robust conclusions with proper control of type I and II error, efficient use of resources, and justifiable use of animals.

Guidelines are available for design, statistical analysis and reporting of animal experiments (ARRIVE^[@CR1]^), and the UK-based National Center for Replacement, Refinement & Reduction of Animals in Research (<http://www.nc3rs.org.uk>) provides various resources. These guidelines describe the general principle of conducting studies, ethical conditions in working with animals but also statistical considerations. In a recent series of articles in prominent journals, a plea was made to raise attention to the design and analysis of animal experiments in order to improve the outcome of biomedical research (<http://www.nature.com/news/web-tool-aims-to-reduce-flaws-in-animal-studies-1.19459>, <http://www.nature.com/news/poorly-designed-animal-experiments-in-the-spotlight-1.18559>, <http://www.nature.com/news/uk-funders-demand-strong-statistics-for-animal-studies-1.17318>^[@CR2]--[@CR4]^.

Despite the availability of guidelines, the design, statistical analysis and reporting of animal experiments need improvement. A recent survey found, that more than 95% of 48 studies did not report on statistical power and 55% of 180 studies used inappropriate statistical methods^[@CR5],[@CR6]^. Underpowered studies may fail to detect an effect that truly exists or observe an effect larger than the true effect^[@CR7],[@CR8]^. On the other hand, overpowered studies might detect a small effect which is not relevant. In both cases, researchers may report erroneous conclusions and waste animal lives, time and money. Most importantly, follow-up studies, such as clinical trials, might fail because they are based on incorrect assumptions^[@CR8]--[@CR13]^.

A commonly investigated outcome is tumour growth after treatment induction. For example, patient-derived tumour xenografts (PDX) are an important preclinical tool for cancer biomarker discovery and drug development. During such longitudinal experiments, animals are injected with human tumour cells and treated after the tumour reaches a certain volume. Tumour size is measured several times per week. Many investigators compare average tumour size between treatment groups at arbitrary time points and therefore ignore the majority of the data. These separate tests have lower statistical power in comparison to a method that uses all of the available data and individual changes within mice are not taken into account while they are accounted for in methods that use all repeated measurements within mice. The importance of the issue was recently highlighted by a report comparing separate analyses at individual time points with analyses of all repeated measurements together in preclinical animal experiments^[@CR14]^. The authors concluded that the latter indeed yields higher statistical power for detecting a treatment effect and maximally exploits data obtained from animals used in research experiments, which is an ethical obligation. In addition, as Heitjan *et al*.^[@CR15]^ have shown, performing tests at arbitrary time points leads to inflated type I errors because multiple testing is performed. Linear regression using all of the available data, instead, should be used to estimate tumour growth over time per treatment group and compare the rate of growth between groups. Statistically, this is assessed by an interaction term of time and treatment group. In these models, there are several ways to incorporate the dependence between repeated tumour size measurements within a mouse. If this dependence is not taken into account, point estimates and standard errors of regression coefficients may be incorrect leading to incorrect conclusions with respect to the effect of treatment.

The use of regression methods for the analysis of longitudinal data has been a topic of active research for many years^[@CR16],[@CR17]^, and several articles have investigated the application of these models to small studies in general^[@CR18]--[@CR20]^, and to mice experiments of tumour growth in particular^[@CR15],[@CR21]--[@CR27]^. However, many of these articles described complicated models, and only one article evaluated properties of estimates of the interaction term for small to moderate sample sizes^[@CR22]^, which is relevant for tumour growth experiments. Our aim is to evaluate several methods to handle the dependence of repeated tumour size measurements within mice in a linear regression setting for the comparison of tumour growth, in order to recommend an easy to use method that is appropriate for small to moderate sample sizes. We perform a simulation study based on data from three previous experiments to investigate the properties of estimates of the treatment group by time interaction term which addresses the difference in tumour growth between two treatment groups.

Methods {#Sec2}
=======

Data from previous tumour growth experiments {#Sec3}
--------------------------------------------

We used data from three previous tumour growth experiments conducted in collaboration with researchers from The Netherlands Cancer Institute. In these experiments, length and width of tumours were measured with a digital calliper 1--3 times per week and tumour volume was calculated as 0.5 × length (in mm) × width (in mm)^2^. These experiments have been published and are briefly described below.

### DNA damage tolerance (DDT) deficiency in lobular breast carcinoma treated with cisplatin {#Sec4}

Buoninfante *et al*.^[@CR28]^ evaluated the sensitivity of two mammary tumour cell lines, one DDT-proficient, DDT^p^ *(Wap--Cre;Cdh1*^*F/F*^*;SB;Pcna*^*K164*^) and the other DDT-deficient, DDT^D^ (*Wap--Cre;Cdh1*^*F/F*^*;SB;Pcna*^*K146R*^), to cisplatin. Tumour cells were transplanted orthotopically into the fat pad of the mammary gland of NMRI mice. When tumours reached a volume of 100 mm^3^, both groups of mice were treated with cisplatin (6 mg/kg). Mice were killed either when tumour volume exceeded 1,500 mm^3^ or when the tumour had metastasized and the animal was severely distressed.

### Treatment of cervical cancer with an AXL antibody {#Sec5}

Boshuizen *et al*.^[@CR29]^ studied the anti-tumour activity of the antibody-drug conjugate AXL-107-MMAE in patient-derived xenografts, including melanoma, lung, pancreas and cervical cancer. Nude mice were inoculated subcutaneously at the right flank with one tumour fragment (2--3 mm diameter). Before treatment, mice were divided into groups of 6--8 mice each, with equal tumour size distribution (average and variance). Randomization occurred in a blinded fashion. Mice were treated intraperitoneally or intravenously with solutions containing the AXL-107-MMAE antibody in two different doses as well as several control antibodies, adjusted to actual body weight, according to the schedule specified at each experiment. The experiment ended for individual mice either when the tumour size exceeded 1500 mm^3^, the tumour showed ulceration, the mouse was seriously ill, tumour growth blocked the movement of the mouse, or end of study after 60 days. For this report, we focused on data from xenograft tumour model CV1664 for cervical cancer and treatment by the antibody-drug conjugate AXL-107-MMAE 2 mg/kg and the unconjugated isotype control antibody IgG1-b12 4 mg/kg.

### Inhibition of SHP2 in KRAS-mutant non-small cell lung cancer {#Sec6}

RAS mutations are frequent in human cancer, especially in pancreatic, colorectal and non-small-cell lung cancers (NSCLCs). Mainardi *et al*.^[@CR30]^ focused on SHP2 (also known as PTPN11) to inhibit the RAS oncoproteins. Wild-type and PTPN11-knockout cells of the AZD6244 (selumetinib)-resistant lung cancer cell line H2122 were injected subcutaneously into the right flanks of 8-week-old immunocompromised CD1 nude female mice. Mice were randomized when the tumour reached a volume of approximately 200--250 mm^3^. AZD6244 was administered daily by oral gavage for a 34-day period. The control group was treated at the same schedule with the vehicle of AZD6244. For this report, we used the data on the H2122 wild-type cells only.

Statistical analysis {#Sec7}
--------------------

To evaluate whether the rate of tumour growth differs between two treatment groups, we used the linear regression model:$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${\log }_{10}{y}_{ij}=\alpha +{\beta }_{1}{t}_{i(j-1)}+{\beta }_{2}{x}_{i}{t}_{i(j-1)}+{\epsilon }_{ij},$$\end{document}$$where $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${y}_{ij}$$\end{document}$ was the tumour volume of the *i*-th mouse (*i* = 1, ..., n) at the *j-*th measurement (*j* = 1, ..., *m*), $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${x}_{i}$$\end{document}$ indicated the treatment of the *i*-th mouse ($\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${x}_{i}=0$$\end{document}$ for treatment A, $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${x}_{i}=1$$\end{document}$ for treatment B) and $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${t}_{i(j-1)}$$\end{document}$ was the time since randomization of the *i*-th mouse at the *j-*th measurement ($\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${t}_{i0}\,$$\end{document}$represented time of the first measurement and $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${t}_{i(m-1)}$$\end{document}$ represented time of the *m-*th measurement). Since at the time of randomization average tumour volume was expected to be the same between treatment groups, a term representing the average difference in volume at baseline between treatment groups, i.e., the main treatment effect, was omitted from the model. $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${{\epsilon }}_{ij}$$\end{document}$ was a normally distributed residual for the *j*-th measurement of the *i*-th mouse with expectation zero and variance $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${\sigma }^{2}$$\end{document}$, i.e., $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
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                \begin{document}$${\beta }_{2}=0$$\end{document}$ addressed the main question whether the tumour growth rates differed between the two treatment groups.
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The first model assumed an ***independent (IND)*** variance-covariance structure of matrix $\documentclass[12pt]{minimal}
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All observations in the data were assumed to be independent, even measurements on the same mouse.

The second model used a ***compound symmetry (CS)***, also called exchangeable, variance-covariance structure of matrix $\documentclass[12pt]{minimal}
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                \begin{document}$$\rho $$\end{document}$ was the correlation between two measurements on consecutive days from the same mouse. The correlation between two measurements decreased as the time difference between them increased.

In the fourth model, the rates of tumour growth between treatment groups were also evaluated using the linear model (1) with the independent variance-covariance structure and an additional dummy variable $\documentclass[12pt]{minimal}
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One of the mice was chosen to be the reference and $\documentclass[12pt]{minimal}
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As the fifth model, we investigated the linear model (1) with AR-1 variance-covariance structure, which additionally included a random error term for the intercept. This mixed-effects model had the form:$$\documentclass[12pt]{minimal}
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Parameters in the four linear regression models were estimated via marginal modelling using generalized least squares (GLS)^[@CR32],[@CR33]^ and restricted maximum likelihood (REML) estimation^[@CR34],[@CR35]^. Estimation of the mixed-effects model was also based on REML.

Simulation study {#Sec8}
----------------

We used the third model with an autoregressive (AR-1) variance-covariance structure and empirical data from the three experiments to generate hypothetical data with known effects under realistic circumstances. We generated similar numbers of mice and measurements as in the original experiments. Treatment groups were equally sized and all mice had the same number of measurements, leading to a completely balanced design. For parameters $\documentclass[12pt]{minimal}
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Analyses and simulations were performed using R version 3.4.4^[@CR36]^ including the nlme package^[@CR37]^ and were verified using STATA version 15^[@CR38]^.

Sensitivity analysis {#Sec9}
--------------------

Since the data was generated using the AR-1 variance-covariance matrix, our simulation study results might have favoured the AR-1 model. Therefore, as a sensitivity analysis, we generated data with another variance-covariance matrix. Specifically, we assumed that the correlation between two measurements decayed with increasing time between the measurements, but in contrast to AR-1 where correlation declined quadratically, we used a structure where it declined linearly:$$\documentclass[12pt]{minimal}
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Results {#Sec10}
=======

Observed data from previous growth experiments {#Sec11}
----------------------------------------------
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Note that in all three experiments the autocorrelation $\documentclass[12pt]{minimal}
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Simulated data based on previous growth experiments {#Sec12}
---------------------------------------------------
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For AR-1, the only method controlling the type I error at the nominal level in all scenarios, power was highest for scenarios with a small $\documentclass[12pt]{minimal}
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All results of our simulation study are presented in Tables [2](#Tab2){ref-type="table"}--[4](#Tab4){ref-type="table"}. The numbers are based on the 3000 generated datasets for all models except the AR-1 mixed-effects model with random intercept, since this model was not estimable for all datasets. The percentage of datasets for which the model did not converge varied between 1 and 50 depending on the scenario.Table 3Results of simulation study for the AXL inhibition experiment with 6 mice per group and 15 measurements per mouse^[@CR29]^.ScenarioρTrue $\documentclass[12pt]{minimal}
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Sensitivity analysis {#Sec13}
--------------------

Judging from the results above, the AR-1 model was favoured in our main simulation study. This may have been partly due to the fact that in the data generating mechanism we used an AR-1 correlation structure as well. However, when data were generated under autocorrelations not exactly AR-1, unbiased estimates of the interaction effect were obtained under all scenarios but the type I error rates were inflated and the coverage rates were deflated, depending on the magnitude of the misspecification of the variance-covariance matrix (Table [5](#Tab5){ref-type="table"}, Fig. [1](#Fig1){ref-type="fig"}). If the alternative correlation pattern used to generate data was not very different from AR-1, which was true for specific numbers of measurements per mouse and parameter values θ and ρ that defined the association between two measurements on consecutive days, then its performance was acceptable under all examined scenarios. Nonetheless, we observed larger type I error and smaller coverage with larger misspecification of the association between repeated measurements using the AR-1 model. When data generated under correlation decreasing linearly with time were analysed with compound symmetry or independent correlation structures, coverage and type I error were severely non-nominal (data not shown).Table 5Results from simulation study with data generated under a linearly decreasing correlation structure\*.ExperimentρTrue $\documentclass[12pt]{minimal}
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Discussion {#Sec14}
==========

We demonstrate that in tumour growth experiments unbiased estimates of the difference in tumour growth rates by treatment group, i.e., the interaction term, and confidence intervals with nominal coverage can be obtained using a linear regression model with an autoregressive (AR-1) variance-covariance structure. These conclusions hold for a wide range of realistic scenarios based on three previous experiments with small numbers of mice and highly correlated longitudinal measurements. Although we recommend this method, which is relatively simple and implemented in all major statistical software packages, results need to be interpreted with care because type I errors could be somewhat inflated due to misspecification of the covariance structure.

Longitudinal data is usually analysed using mixed-effects models, where repeated measurements are nested within subjects. Many researchers apply random intercept only models, where the intercept is the only parameter that varies between subjects while all other parameters, e.g., the time slope, are fixed. However, in our simulation study we experienced that such models do not always converge. In some of the evaluated scenarios, we detected non-convergence problems in up to 50% of the simulated datasets. Since experimental mice are genetically identical and share the same environment, there is a small variability of the log-volume at the time of randomization between mice suggesting very similar estimations of individual mouse intercepts.

Guerin and Stroup^[@CR22]^ performed a simulation study on repeated measures data and analysed them with random intercept only models with several variance-covariance matrix structures. Their study is very similar to ours in terms of the research goal, and it was the only study that evaluated properties of the interaction term. Exploring type I error rates, convergence and several model selection criteria, they concluded that the Kenward-Roger correction should be used with small sample sizes. However, they also experienced non-convergence problems with the random intercept model. The authors proposed dropping the between subject random intercept if its variance is approximately zero, i.e., using a model with only fixed parameters.

Wang and Goonewardene^[@CR23]^ explored the use of random intercept only models for repeated measures data in animal experiments and recommended a model with the first order ante dependence (ANTE(1)) covariance structure, which allowed for unequal variances over time and unequal correlations and covariance among different pairs of measurements. This recommendation was based on small sample behaviour of typical animal experiments conducted in animal health and agricultural settings however where animals are not identical, e.g. steers or cows.

Using example data on BT-20 human breast tumour in nude mice, Heitjan *et al*.^[@CR15]^ compared the most commonly used statistical methods to analyse tumour growth experiments *in vivo*, including ANOVA, t-test, and Mann-Whitney methods. They concluded that these approaches could be misleading due to severely inflated type I errors. Instead, multivariate models, like MANOVA or a random effects model with AR-1 covariance structure should be used, because they retained the nominal type I error rates in various sample sizes, achieving also reasonable levels of statistical power.

Interesting approaches were developed by Zhao *et al*.^[@CR39]^ to model tumour profiles of mice that had an almost total tumour regression due to initial efficiency of treatment followed by a re-growth phase, and by Laajala *et al*.^[@CR25]^ to distinguish between growing and poorly growing tumours in mice experiments, thus to model the tumour heterogeneity. There are also other studies that have evaluated small sample properties of methods for the analysis of correlated data, but these were focused on hierarchical data instead of longitudinal data^[@CR40],[@CR41]^. McNeish and Stapleton^[@CR18]^ compared twelve methods, including Bayesian alternatives, for analysing hierarchical data with small to moderate sample sizes. Using the results from a real life study from educational psychology, they conducted a broad and comprehensive simulation study to assess the statistical properties of the regression coefficient estimates as well as those of the variance component estimates. Even with less than ten clusters and less than 14 observations per cluster, some methods resulted in efficient parameter estimates. Simulations showed that mixed-effects models estimated with Markov chain Monte Carlo algorithm and an inverse gamma prior performed well with such small samples. With a half-Cauchy prior for a slightly larger number of observations per cluster, up to 34, a somewhat better performance could be achieved. The study also showed that fixed-effects models performed well and should be considered as an alternative approach in similar studies. However, the investigation was not focused on longitudinal data but clustered data where each individual had only one measurement and individuals whose outcome could be correlated were clustered together.

Pekar and Brabac^[@CR42]^ compared generalized least squares regression with mixed-effects models using five data examples from behavioural research, including longitudinal data, and suggested that the former was an effective alternative method for analysing correlated data in that field and when the random effects were not of the researcher's particular interest.

Our study has a number of strengths. First of all, we use real data from previous experiments in order to understand the characteristics of the methods in relevant circumstances. Our simulations are also based on these data and therefore reflect realistic scenarios, tailored to mice experiments. Moreover, the methods we investigate are very simple and therefore accessible to non-statisticians. Finally, the methods are implemented in most statistical software.

Our study has also several limitations. (1) We assume that log-transformed tumour volume is linearly associated with time. This assumption seems adequate, since tumours commonly grow slowly during the first days of treatment, before they become resistant, and then grow much faster. However, tumour volume may sometimes initially decrease due to treatment efficacy and eventually increase when the tumour becomes resistant to the treatment. Even in this case, a linear approximation of the growth patterns should allow detection of substantial group differences. The alternative, namely using complex flexible relationships has the drawback that it involves many parameters resulting in tests with low power. (2) We generate equal numbers of tumour volume measurements for all mice in a study. This means that we do not allow for the fact that some mice are sacrificed before the end of the study, i.e. when they suffer too much or their tumour exceeds a threshold size. We assume that using these additional data, which are not available in real experiments, does not add any new information about the tumour growth over time. Therefore, it does not influence the point estimate of tumour growth, although power might be slightly overestimated. The comparison of different methods based on the same generated data is unlikely to be affected. (3) We generate data using the AR-1 variance-covariance matrix although in reality other correlation patterns for longitudinal data are possible. We perform sensitivity analyses generating data under a covariance matrix where the correlation between measurements within mice decays linearly with time, using three different scenarios. The results show that a misspecification of the covariance matrix might have an effect on the inference but not on the estimate of the interaction effect. Although the AR-1 model performs best in our simulation, its performance depends on the magnitude of the misspecification, as well as on the true value of correlation between measurements. High type I errors lead to more false positives results and, therefore, results should be interpreted with caution, particularly if p-values are borderline significant. (4) Finally, our models, as those of others^[@CR43]--[@CR45]^, do not include a main effect of treatment which results in a slightly higher power level for the interaction term between time and treatment in comparison to a model which includes this effect (data not shown). The omission of the main effect is reasonable in mice experiments since any difference between treatment groups at the time of randomization is due to chance. Mice are genetically identical, they share the same environment and are randomized to treatment groups when they reach similar tumour volume. I.e., there are no specific reasons why the average tumour volume between the treatment groups at the beginning of the study could differ.

Our results demonstrate that the generalized least squares regression (GLS) with an autoregressive (AR-1) variance-covariance matrix provides efficient and unbiased results as well as nominal coverage and type I error for a broad range of realistic scenarios and for sample sizes as low as 6 mice per group and a moderate number of measurements. The method is, however, somewhat sensitive to misspecification of the correlation structure, with moderately sub-nominal coverage and type I error if the true underlying correlation structure is not too different from AR-1. The use of correlation structures such as compound symmetry or independence when the true underlying correlation structure is similar or close to AR-1 results in severely inflated type I error. The AR-1 model with random intercept can lead to convergence problems. These methods should therefore not be used in mice experiments on tumour growth.

Although we focused on one particular outcome, the recommended model can be implemented to evaluate other outcomes studied in preclinical animal experiments. For example, as recently reported by Zhao *et al*.^[@CR14]^, a repeated measurements design is common in studies on body weight change over time collected in mice experiments. Authors reviewed 58 manuscripts assessing this outcome and found that less than half of the studies were analysed with a method that fully utilized all collected data. In addition, the authors stressed the importance to incorporate statistical methods for repeated measurements when multiple measurements per mouse are available. Therefore, we hope our recommended model will be considered to study various outcomes collected in preclinical animal experiments.
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